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Introduction

Landmarks recapitulation

Landmarks in the SAS™ formalism
A SAST task is a 5-tuple M = (V, A, sy, G, C) with
m V ={wvi,...,vs} : set of state variables. Each v; is associated
with a finite domain dom(v;).

F :=J; dom(v;) : set of facts, assuming name uniqueness.

m A : set of actions. An action is a pair (pre(a), eff (a)) of
partial assignments to V.

m C : Each action has a non-negative cost C(a).

m Sp : initial state.

m G : Goal - partial assignment to V.
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Introduction

Landmarks recapitulation

Landmarks

Be ¢ be a formula over facts F.

It is called a landmark if it is true at some time in any plan for I1.
In the following, we only treat landmarks that are disjunctions of
facts. A set of landmarks is denoted by L.
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Introduction

Landmark Cost Estimates

Landmark Count Heuristic
L(s,m) =L\ (Accepted(s,m) \ ReqAgain(s,))
(Set of LMs to be reached from s)
m s .= state

m 7= (a1, ..., ak) : sequence of actions, starting at sp

h(s,m) := |L(s, )| : cost estimate

m The LM heuristic |L(s, )| can overestimate and is thus not
admissible.

m Why is that so?
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Introduction

Landmark Cost Estimates Are Not Admissible

A Example: Blocksworld Task

mL(s,7) =
{crane-empty, on(A,B)}

m—|L(s,7)| =2

m However: only one action
stack(A,B) does the job

m — |L(s,7)| is not admissible
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Admissible Landmark Heuristics

Admissible Landmark Heuristics
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Admissible Landmark Heuristics

General |dea

What needs to be done to make LM heuristics admissible?
Distribute action costs over all LMs and maintain upper bound.

Filip-Martin Brinkmann filip.brinkmann@unibas.ch Cost-Optimal Planning wit



Admissible Landmark Heuristics

Limiting Action Costs

Action-to-Landmark costs

Given

m ¢ : landmark
m C(a): action cost of a

m cost(a, ¢) : cost of a assigned to ¢

Then
VacA: Y cost(a,¢) < C(a) (1)

peL(als,)

This shares the overall cost of a between all LMs on path 7
that a applies to.
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Admissible Landmark Heuristics

Minimizing Landmark Costs

Landmark costs

V¢ S L(S,ﬂ’) : COSt(¢) < minaEach(¢>|s,7r)CO5t(aa ¢) (2)
with

m ach(¢ | s,m) C A : subset of actions which lead to ¢ on their
way 7 to the goal: achievers

ml(a|s,mt)={¢|¢ € L(s,m),a€ ach(p|s,m)} : Landmarks
achievable by a on path m

The costs for each landmark are thus less or equal than the
minimum cost assigned to ¢ by all actions achieving it.
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Admissible Landmark Heuristics

Admissible Heuristic Estimate

This gives us an admissible estimate of the goal distance h*(s).

Proposition 1

Assuming we have a set of action-to-landmark and landmark costs
satisfying (1,2). Then

hi(s, ) := cost(L(s,))

= Z cost(¢)

peL(s,m)

is an admissible estimate of h*(s).

However, we have not decided on how to partition costs among
actions.
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Admissible Landmark Heuristics

Cost Partitioning: Overview

The simplest way to partition costs is by uniform cost sharing.
m Fast and easy.
m However, this may lead to sub-optimal sharing.
There is also an optimal cost sharing.
m Achievable via linear programming.
m Can be computed in polynomial time.

Let us have a closer look...
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Admissible Landmark Heuristics

Cost Partitioning

m Given 3 actions: {a1, a2, a3} and 4 landmarks: {p1, p2, p3, q}.

m Each action a; achieves p; and q.

1® 1® 1@ =3§®
000
\&

p1 p2 p3
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Admissible Landmark Heuristics

Cost Partitioning

m Given 3 actions: {ai, a2, a3} and 4 landmarks: {p1, p2, p3, q}.
m Each action a; achieves p; and g.

1® ® 1® =3§@ Uniform Cost Sharing

m cost(a;, pj) =
cost(a;,q) = 0.5
q - 2®@ m — cost(p;) = cost(q) =
0.5.
| — hL(S,ﬂ') = % + 0.5

p1 p2 p3
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Admissible Landmark Heuristics

Cost Partitioning

m Given 3 actions: {ai, a2, a3} and 4 landmarks: {p1, p2, p3, q}.
m Each action a; achieves p; and g.

-3®
3®@ Optimal Cost Sharing
m cost(a;, pj) =1
— cost(p;) =1
= 3%@ m cost(aj,q) =0
\ — cost(q) =0

n — hL(S,ﬂ') =3
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Admissible Heuristics with Action Landmarks

Admissible Heuristics with Action Landmarks
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Admissible Heuristics with Action Landmarks

Further Improvement with Action Landmarks

So far, we considered only fact landmarks.
However, there also exist action landmarks [Zhu and Givan, 2004;
Vidal and Geffner, 2006].
Action landmarks
m are actions that will be performed on every path of the
planning task (at least once).

m If no plan without the action exists, it is an action landmark.
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Admissible Heuristics with Action Landmarks

Heuristic Estimate with Action Landmarks

Sum up all costs of unused action landmarks U(s, ).
Remove all LMs achievable by U(s,7) from L(s, 7).
Perform action cost sharing over remaining landmarks.

This leads to improved heuristic estimate hy4:
Action Landmark Covering
hia := cost(Ly(s,m)) + Z C(a) (3)
acU(s,m)

with
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Admissible Heuristics with Action Landmarks

Heuristic Estimate with Action Landmarks

Sum up all costs of unused action landmarks U(s, ).
Remove all LMs achievable by U(s,7) from L(s, 7).
Perform action cost sharing over remaining landmarks.

This leads to improved heuristic estimate hy4:
Action Landmark Covering
hia := cost(Ly(s,m)) + Z C(a) (3)
acU(s,m)
with
u LU(S’ 7T) = L(S?ﬂ-) \ Uan(s,ﬂ') L(a | 5777)
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Admissible Heuristics with Action Landmarks

Heuristic Estimate with Action Landmarks

Sum up all costs of unused action landmarks U(s, ).
Remove all LMs achievable by U(s,7) from L(s, 7).
Perform action cost sharing over remaining landmarks.

This leads to improved heuristic estimate hy4:
Action Landmark Covering
hia := cost(Ly(s, 7)) + Z C(a) (3)
acU(s,m)
with

u LU(S’ 7T) = L(S?ﬂ-) \ Uan(s,ﬂ') L(a | 5777)
m cost(Ly(s,m)) computed via action cost sharing
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Contributions: ALC and L

Competitivity of LM-A
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Contributions: ALC and LM-A"
Competitivity of LM-A

Evaluations

m Infrastructure:

m Fast Downward Planner
m Landmark discovery of LAMA

m Limits: 30 mins, 1.5 GB of memory
m Hardware: 3GHz Intel E8400 CPU
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Contributions: ALC and LM-A"

Evaluations Competitivity of LM-A

Evaluations Overview

Two different angles are used:
Contributions of action landmark covering and LM-A".
|| hLA VS. hL
m A" vs. LM-A"
Competitivity of LM-A"/hy 4 vs. forward-search cost-optimal
planning.
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Contributions: ALC a

Competitivity of LM-A

Evaluations
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Contributions: ALC and LM-A"

Evaluations Competitivity of LM-A

Contributions of Action Landmark Covering and LM-A"

s A" vs. LM-A"

m both with h; 5
m LM — A* solves

15% more tasks in Blocksworld,
43% more tasks in Depots,
53% more tasks in Logistics and
0% more tasks in Satellite

| | hL VS. hLA
m both LM — A*
m h;p solving two more tasks than h;
m savings in time and expanded nodes up to 70%
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Contributions: ALC and LM-A"

Competitivity of LM-A"

Evaluations
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m Competitivity of LM-A*
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Contributions: ALC and LM-A

e *
Evaluations Competitivity of LM-A

LM-A"/ hya vs. M&S : Setup

Baseline evaluations against A* with h,.x and blind search.
State-of-the-art forward search: merge-and-shrink (M&S).
M&S is used with 10* and 10° fixed abstraction bounds.

Both heuristics implemented in same planning system.
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Evaluations

Contributions: ALC an&i LM-A"
Competitivity of LM-A

LM-A*/ h s vs. M&S : Results

On average, hia

m solved more tasks, planner | solved | nodes | time (sec)
m expanded less hia 273 | 107,701 44
nodes and M&S 251 | 457,336 101

m needed less time.
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Discussion

Discussion

Questions?
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Discussion

Achieving Optimal Cost Partitioning

m Can be computed in polynomial time.
m Form linear constraints from Eq. (1) and (2).

m Solve linear program for objective 3¢ (s r) cost(¢).

Landmark Set Monotonicity

For two landmark sets L and L', with L C L', the LP-based cost
sharing assures

cost(L") > cost(L)

This allows for separating landmark discovery and exploitation.
(Or, as the authors put it: ”"More landmarks can never hurt.”)
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Discussion

Detailed Evaluation Results |
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Discussion

Detailed Evaluation Results |l

domain NT/NT solved nodes rime
hpa [HA Ty A FU[hpa [FA
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